The radio-frequency atmospheric-pressure glow discharge (RF-APGD) plasma is a novel cold atmospheric plasma (CAP) source, which has low energy characteristic. This study investigated the effect of RF-APGD plasma on the mechanical properties of dentin collagen and resin-dentin bonding. The scanning electron microscopy analysis was performed before and after a novel RF-APGD plasma and a conventional CAP treatment and a tensile test was carried out for the stiffness of dentin collagen. The microtensile resin-dentin bond strength was tested either immediately or after a 50,000-cycle thermocycling process. Dentin collagen maintained an intact structure after a 45-s RF-APGD plasma treatment, whereas even a 10-s treatment with the conventional CAP collapsed the collagen scaffold. When compared with control groups, the RF-APGD plasma treatment showed: (i) an improved stiffness of dentin collagen; (ii) a significant improvement in the bonding strength before/after artificial aging. Thus, RF-APGD plasma treatment has excellent prospects as a resin-dentin bonding protocol.
INTRODUCTION
Improvements in dentin bonding are crucial for the long-term clinical retention of composite resins to dentin. Most current dental adhesive systems show favorable immediate bond strength, but the strength of these bonds lessens over time 1) . The hybrid layer, which is fundamental to dentin bonding, is composed of a mixture of collagen fibrils and adhesive resin 2) . Poor resin-dentin bond durability has been attributed to the incomplete enveloping of the dentin matrix, which leaves exposed collagen at the adhesive interface during the dentin bonding process. These unprotected collagen fibrils can then undergo hydrolysis and degrade with time 3, 4) . Hence, a key challenge is to enhance the mechanical properties of the collagen scaffold and to stabilize the collagen to improve the durability of the dentin adhesion. Chemical crosslinkers have been employed to improve the mechanical properties and the resistance to enzymatic hydrolysis of the dentin collagen. However, some effective crosslinking agents, such as glutaraldehyde or grape seed extract, have shown only limited effectiveness in their actual in vivo applications, because of the formation of highly cytotoxic byproducts by the reaction or the possible discoloration of the collagen fibers 5, 6) . Physical crosslinking is one alternative method that can improve the biomechanical rigidity of the collagen fibrils, as it leaves no residues following treatment and the rigidity remains stable over time 7, 8) . Conventional physical crosslinking methods include the use of ultraviolet, lasers, heating, etc. These physical methods can be modified for biomaterials or tissues, but the final choice must be based on the properties of the tissues and the safety/reliability of the treatment method. High energy processing methods, such as lasers, can damage collagen fibers or cause the collapse of surface microstructure. High temperature treatments, such as heating, can cause collagen fiber degeneration or induce a melting state on the collagen fiber surface. Consistently, these methods lead to a direct loss of the hybrid layer, thereby affecting the dentin bonding performance. Minimizing these adverse effects and maximizing the beneficial effects of physical bonding methods are therefore key challenges that need to be met to improve dentin bonding.
Plasma, as a "clean" physical method, is known to induce crosslinking of polymers, and has wide industrial and food industry uses [9] [10] [11] . However, its use in medical fields is limited, as conventional plasma cannot be discharged in an open environment and the plasma jet usually has very high temperature. However, the introduction of the modified cold atmospheric plasma (CAP), which has the ability to discharge at atmospheric conditions and generate plasma jets at room temperature 12) , has made plasma treatment possible in dentistry for treatments such as teeth whitening 13) , inactivation of bacteria 14) , and surface modifications of implants 15) . Current studies have shown that CAP surface engineering is an effective way to improve dentin surface properties, including wettability and permeability 8, 16, 17) , suggesting that CAP may be useful in improving dentin bonding. However, the collagen fibers, as biomaterials, are sensitive to most chemical or physical treatments. The high density of the CAP ion beam can have destructive effects on dentin collagen, and especially on its surface microstructure. For example, Fricke et al. reported that demineralized dentin collagen could be etched away by a CAP spray 18) . Similarly, Ritts et al. reported that a prolonged CAP treatment on the dentin surface decreased the resin-dentin bond strength 8) . However, some studies have shown that a short-term CAP treatment could increase the resindentin bond strength, although the improvement was not long lasting 19) . One promising alternative is the temperature controlled radio-frequency atmospheric-pressure glow discharge (RF-APGD) plasma, developed by the Plasma Health Scientech Group (PHSG) of Tsinghua University 20) , as this plasma has a lower temperature and lower energy properties than CAP. We have been able to control the temperature of the RF-APGD plasma below room temperature, at 4°C, thereby reducing or even eliminating its damaging effect on biomaterials or tissues. In the present study, we tested this novel plasma for its ability to improve dentin bonding. Our aim was to investigate whether this novel plasma could be used to modify dentin collagen, increase its mechanical properties, and then improve dentin bonding. The null hypotheses tested were that the novel RF-APGD plasma treatment would not improve the strength of dentin collagen, and the treatment would not improve immediate and long-term resin-dentin bond strength.
MATERIALS AND METHODS
The teeth used in this study were extracted non-carious, unerupted human third molars, which were stored at 4ºC in phosphate buffered saline containing 0.02% sodium azide. The storage period was less than 1 month before use. All molars were collected after obtaining the patients' informed consent for inclusion. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Peking University School of Stomatology Institutional Review Board (PKUSSIRB-201522043).
Dentin specimen preparation
The occlusal one-third of the crown was removed by means of a water-cooled low-speed Isomet saw (Buehler, Lake Bluff, IL, USA). Each prepared mid-crown dentin surface was examined under a microscope (SMZ 1500, Nikon, Japan) to ensure it was free of enamel. Uniform smear layers were created by wet-sanding the dentin surfaces with 600-grit silicon carbide sandpaper for 1 min. The prepared dentine surfaces were acid-etched with 32% H 3PO4 gel for 15 s (Uni-etch BAC 32%, Bisco, Schaumburg, IL, USA), rinsed with water for 15 s and kept wet until plasma treatment.
Plasma jet treatments
In this study, two types of helium plasma jets, operating at open atmosphere, were used for the treatment of the dentin samples. One was a conventional CAP jet, which was an atmospheric pressure dielectric barrier discharge plasma jet, driven by a high voltage power supply at a discharge voltage of V pp=67 kV, a frequency of f=17 kHz, and a helium flow rate of 2 standard liter per minute (slpm). Under these operating conditions, the gas temperature measured at 10 mm downstream of the exit of the plasma torch nozzle was approximately 38°C. The other was a modified CAP, which was a RF-APGD plasma jet produced under a radio frequency electric field with a driving frequency of 13.56 MHz and input power of 15 W. Careful control of the helium gas temperature at the inlet of the plasma generator and the electrode wall temperature of the plasma generator allowed stabilization of the gas temperature of the plasma jet at 4°C with a flow rate of 4 slpm.
Scanning electron microscopy (SEM)
The untreated (negative control) surfaces and the surfaces plasma-treated using different plasma jets and treatment times were observed in a field emission SEM (Helios Nanolab 600i, FEI, Hillsboro, OR, USA). Specimens were sputter-coated (Model 681, Gatan, Pleasanton, CA, USA) with Au-Pd alloy and observed at 35 mA for 85 s.
Measurement of the stiffness of demineralized dentin beams with or without RF-APGD plasma treatment
The stiffness was measured using a universal testing machine (EZ-L-1kN, Shimadzu, Kyoto, Japan) at a crosshead speed of 1.0 mm/min until failure. The prepared teeth were sectioned with a diamond saw under water cooling to produce microbar specimens with a crosssection dimension of approximately 1×1 mm. The dentin was completely demineralized by suspending the single beams in 10 mL of 10 wt% phosphoric acid in screw top tubes. Multiple tubes were tumbled at room temperature for 16 h for complete demineralization, which was confirmed by X-ray measurements. The specimens were thoroughly rinsed with the distilled water for 10 min to remove any phosphoric acid residue. The demineralized dentin beams (n=24) were randomly divided into two groups according to the plasma treatment time: (i) no plasma treatment (negative control) or (ii) the RF-APGD plasma jet treatment for 20 s per axial surface. The specimens were covered with a droplet of 0.9% NaCl containing 0.02% sodium azide to maintain hydration of the specimen during the testing process.
Microtensile bond strength (MTBS) test
The teeth (n=28) were randomly divided into seven groups according to the plasma treatment: i) no plasma treatment, ii) conventional CAP treatment for 5 and 10 s, or RF-APGD plasma jet treatment for 15, 30, 45, and 60 s. The specimens of the negative control group were blot-dried with tissue paper (Kimberly-Clark, Roswell, GA, USA) after acid-etching. The specimens given plasma treatments (CAP or RF-APGD plasma jet) were blot-dried with a moist tissue paper, and the acidetched surfaces were then exposed to the plasma jets for different treatment times. After plasma treatment, the specimens were re-wetted with deionized water before carrying out the bonding procedures. Excess water was gently air-dried from the acid-etched dentin surfaces (a) (b) (c) for 5 s. Subsequently, the dental adhesive (Adper Single Bond Plus, 3M ESPE, St. Paul, MN, USA) was applied, spread thinly with moisture-free air, and lightcured for 15 s using visible light with an intensity of 800 mW/cm 2 (Elipar FreeLight 2, 3M ESPE). The resin composite (Clearfil AP-X, Kuraray Noritake Dental, Osaka, Japan) was then applied on top of the adhesive three or four times, and light-cured for 20 s after each application. The tooth-composite bonded samples were stored in distilled water at 37°C for 24 h before being cut into microbar specimens. The prepared teeth were sectioned with a diamond saw under water cooling to produce microbar specimens with cross-section dimensions of approximately 0.7×0.7 mm. And then, the specimens of each group were further divided into two subgroups according to the MTBS testing time: one subgroup was immediately submitted to the MTBS test (n=32), whereas another subgroup was submitted to artificial aging with a thermocycling (TC-1, Kwangsung, Kwangju, Korea) for 50,000 cycles between 5 and 55°C with a 24-s dwell time and an 8-s transferring time before tested (n=32). The specimens that passed the screening were adhered to a microtensile tester (EZ-L1kN, Shimadzu) using a cyanoacrylate adhesive (Zapit, Dental Ventures of America, Corona, CA, USA) and were tested at a strain rate of 0.5 mm/min. The microbar specimens were examined using an optical microscope (SMZ 1500, Nikon) to screen for possible defects at the adhesive-dentin interface.
Statistical analysis
The stiffness values of demineralized dentin beams and the MTBS data were analyzed using a statistical software program (SPSS Version 21.0, IBM, Armonk, NY, USA). The demineralized dentin beams were randomly divided into two groups (n=12) and the stiffness values was analyzed using two-independent samples t-test. The MTBS obtained from beams derived from each of the 4 teeth in every group (7 groups) were pooled together to obtain a mean bond strength value with each treated tooth as a statistical unit. After ascertaining the normality and homogeneity of variance assumptions of the respective data sets, the MTBS was analyzed using two-way ANOVA to assess the effects of the plasma treatments, measuring time (artificial aging) and treatments interaction. The one-way ANOVA was used for the MTBS within the different groups (before and after artificial aging). The relative decrease values of the MTBS before and after the artificial aging by thermocycling within the factor of plasma treatment was also analyzed using one-way ANOVA. Multiple comparison was analyzed using the Bonferroni method. The analyses were performed at a significance level of α=0.05.
RESULTS

Dentin surface SEM examination
The representative SEM images shown in Fig. 1 indicate that the structure of the collagen network is significantly affected by the duration of the conventional CAP treatment. After a 5-s treatment with the CAP (Fig. 1b) , the collagen fibrillar network stayed relatively intact and showed open interfibrillar spaces, quite similar to the control group (Fig. 1a) . However, treatment with the conventional CAP for 10 s, as shown in Fig. 1c , resulted in a partial collagen collapse. Figure 2 shows the demineralized collagen network structure of the superficial dentin modified by RF-APGD plasma jet (4°C) treatment for various times. The SEM results showed that the integrity of the open network structures remained as the RF-APGD plasma jet treatment time was increased up to 45 s (Figs. 2b-d) , and the interfibrillar spaces showed no significant changes when compared with those of the control group (Fig.  2a) . Figure 2e appeared to demonstrate slight collagen collapse, with splitting of the ends of individual fibrils.
Measurement of the stiffness of demineralized dentin beams with or without RF-APGD plasma treatment
A comparison of the average stiffness values estimated from the microtensile testing of the demineralized dentin beams with or without the RF-APGD plasma treatment is shown in Fig. 3 . The average stiffness value without the RF-APGD plasma treatment was 1.67±0.24 MPa, and this value increased to 7.02±0.46 MPa following the RF-APGD plasma jet treatment for 20 s per axial surface, indicating that the RF-APGD plasma treatment significantly increased the stiffness of the demineralized dentin matrix (p<0.05). Table 1 and Fig. 4 
MTBS test
DISCUSSION
The purpose of this study was to verify whether a novel RF-APGD plasma treatment could strengthen demineralized dentin collagen by crosslinking and thereby improve the resin-dentin bonding and its durability. RF-APGD plasma, a novel type of plasma, had a pronounced reinforcing effect on collagen strength, as indicated by the collagen stiffness measurements, which showed an increase in the microtensile strength of the demineralized dentin matrix of about 6-fold after RF-APGD plasma treatment. The SEM observations also showed that the effect of RF-APGD plasma treatment differed from that of the conventional CAP plasma treatment: The demineralized dentin matrix retained an intact appearance after a 45-s RF-APGD plasma treatment but had a collapsed appearance after a 10-s CAP plasma treatment. The reinforcing effect of the RF-APGD plasma on dentin collagen was also indicated by the MTBS test, as the MTSB was much higher in the RF-APGD plasma treatment groups than in the control groups, even after artificial aging by thermocycling.
In other words, the ability to control the discharge temperature of the plasma meant that a much better modification effect was attained for the dentin collagen using the novel RF-APGD plasma than using the conventional CAP plasma. This study confirmed that the novel RF-APGD plasma has potential as a new method to improve the dentin bond and its durability. The formation of hybrid layer, which is composed of the organic dentin matrix and adhesive resin, is the foundation of dentin bonding. To a great extent, the mechanical properties of dentin matrix and its longterm stability determine the resin-dentin bond strength and its longevity. An acid etching treatment decreases the dentin stiffness from 19 GPa to 1 MPa 21) . Loss of the support of the minerals will cause a subsequent collapse of the demineralized dentin matrix after air-drying. Therefore, an etch-and-rinse dentin bonding system has an absolute requirement for water to keep the dentin collagen from collapsing during the bonding process 22, 23) . The demineralized dentin surface needs to show "visible moisture" before the application of the adhesive resin, which gives the 'wet-bonding technique' a very high technical complexity. Increases in the stiffness of the demineralized dentin matrix will lessen the tendency of the dentin collagen to collapse during dentin bonding, will greatly decrease the technical complexity of dentin bonding, and possibly achieve a better and more uniform hybrid layer. These factors might explain why the resindentin bond strength was significantly higher after RF-APGD plasma treatment. In addition, the RF-APGD plasma treatment not only increased the stiffness of dentin matrix, but it also increased its mechanical stability. This was confirmed by the thermocycling aging experiment, which showed that, after 50,000 cycles, the MTBS values decreased significantly in the control groups but showed little change in the RF-APGD plasma treatment groups.
The intrinsic mechanism by which the RF-APGD plasma treatment increased the stiffness and stability of dentin matrix could involve a potential crosslinking effect of the plasma jet on the dentin collagen. Several studies have shown that the use of plasma represents an innovative, easy, and environmental-friendly approach for successful polymer crosslinking 24, 25) . This was attributed to the presence of active groups in plasma, such as UV, electrons, and radicals. Many previous studies have reported that UV exposure could lead to gelatin intermolecular crosslinking 26) and, possibly, to the formation of radicals on the aromatic amino acids, such as tyrosine and phenylalanine, in collagen and gelatin 27, 28) . The electrons of plasma may interact with polymers to induce the formation of radicals in the polymeric collagen fibers to promote crosslinking 29) . The radicals in the plasma can also interact with the OH groups to form hydroxyl compounds in the polymeric chains, which, in turn, generate crosslinking junctions through hydrogen bonding 30) . A high density of electrons and radicals can also break bonds to generate "active sites" on the collagen surface, thereby producing covalent crosslinkages that can irreversibly increase the matrix stiffness and strength.
In the present study, the results for both the SEM examination and the microtensile stiffness test were much better for the RF-APGD groups than for the conventional CAP groups. In fact, plasma treatment appears to be a double-edged sword. On one hand, plasma can modify the surface of the demineralized dentin matrix by cross-linking. On the other hand, the high-energy ion beam of the plasma may lead to the destruction of the demineralized dentin surface 31) . The net treatment effect of a plasma jet on dentin collagen therefore depends on which effect plays the main role. For conventional CAP plasma, its destructive effect is more pronounced than is its modification effect. Therefore, after CAP plasma treatment, the demineralized dentin matrix is weakened. As shown in the SEM results, after a 10-s treatment of the CAP plasma, the dentin collagen was almost totally etched away. Extending the conventional CAP treatment time to 10 s significantly lowered the immediate bonding strength compared to the non-treatment group. This phenomenon was also reported in previous studies 8, 32) that reported an absence of visible collagen fibers on the dentin surface after plasma treatment and a decreased bond strength following prolonged exposure to the CAP.
By contrast, the novel RF-APGD plasma is much less destructive. The treatment period with the RF-APGD plasma jet could be extended to 45 s without collagen collapse and the matrix presented a wellformed open network (Figs. 2a-d) . When the RF-APGD plasma jet treatment time was prolonged to 60 s, the dentin collagen was slightly damaged with splitting of the ends of individual fibrils, but the interfibrillar spaces could still be partially observed (Fig. 2e) . The modification effect of RF-APGD plasma on the dentin matrix was obvious, as the microtensile strength of the demineralized dentin matrix increased about 6-fold after RF-APGD plasma treatment. This would allow maintenance of the porous structure of the collagen fibers during the bonding procedures. As confirmed by the MTBS test, the immediate and long-term bond strength was significantly higher for the RF-APGD plasma treatment groups than for the control groups. Taken together, the results indicate that the novel RF-APGD plasma overcomes the shortcomings of the conventional CAP plasma, maximizes the modification effects, and minimizes the destructive effects, thereby improving dentin bonding.
The reasons why this novel RF-APGD plasma is superior to the conventional CAP are not difficult to understand. Dentin collagen is a biomaterial that has its own physical properties, such as a low melting point, a low thermal conductivity, etc. The demineralized dentine matrix, when saturated with water, showed a denaturation temperature of around 40 or 60°C 33, 34) . For the conventional CAP plasma jets, although their gas temperatures are close to room temperature (which can be regarded as the initial surface temperature of the collagen fibrils), the absolute values of the gas temperatures always exceed room temperature by about 30-50 K due to the energy deposition from the external circuit during discharges. Excessive heat accumulation during the conventional CAP treatment can result in thermal melting and degeneration of the demineralized dentin matrix. Moreover, the high-energy particle beams of the CAP can also damage dentin collagen, thereby destroying the dentin-bonding interface. In the present study, the novel RF-APGD plasma had a much lower temperature and lower energy properties, and could therefore avoid the adverse effects of conventional CAP plasma.
Plasma treatment is a brand new method of dentin bonding. The present study is based on the studies of conventional CAP on dentin bonding and introduces a novel RF-APGD plasma for resin-dentin bonding. The results confirm that treatment with the novel RF-APGD plasma safely improves the mechanical properties of the dentin collagen, and thereby increases the immediate dentin-resin bonding strength as well as the anti-fatigue capability of the bond interface. However, the mechanism by which this novel plasma treatment promotes crosslinking of dentin collagen and the ideal treatment parameters for its use require further exploration.
CONCLUSIONS
Within the limitations of this study, we conclude that the RF-APGD plasma treatment was effective in improving the mechanical strength of the dentin collagen. This treatment showed promise for surface modification of the dentin matrix for achieving better bonding strength and durability.
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